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1
SYSTEMS AND METHODS FOR
FABRICATING SEMICONDUCTOR DEVICE
STRUCTURES

TECHNICAL FIELD

Embodiments of the subject matter described herein gen-
erally relate to fabricating semiconductor device structures
and more particularly, to systems and methods for fabricating
semiconductor devices wherein the systems and methods
dynamically determine a measurement model for obtaining a
measurement value for a physical feature, dimension, or other
attribute of a semiconductor device structure based at least in
part on raw measurement data and design parameters for one
or more wafers of semiconductor material having the semi-
conductor device structure fabricated thereon.

BACKGROUND

Semiconductor devices, such as transistors, are the core
building block of the vast majority of electronic devices. In
practice, it is desirable to accurately and precisely fabricate
transistors and other semiconductor devices with physical
features having specific physical dimensions to thereby
achieve semiconductor devices having their intended perfor-
mance characteristics and to improve yield. However, the
hardware tools used to fabricate the devices may exhibit
performance variations. As a result, devices may be fabri-
cated with features that deviate from their specified physical
dimensions, which, in turn, could lead to failures at wafer test
and, accordingly, reduce yield. Thus, it is desirable to mea-
sure physical features, critical dimensions and/or other prop-
erties of devices during fabrication to correct any deviations
from the intended physical dimensions and thereby reduce
the likelihood of failures at wafer test and improve yield.

Obtaining highly accurate measurements using non-de-
structive metrologies (which reduce yield) typically take an
undesirably long amount of time or undesirably increases
costs. For example, to use scatterometry to measure a particu-
lar device feature of a semiconductor device structure, a spe-
cific model must be developed to convert raw measurement
spectra to a corresponding measurement for that feature. The
model is often developed after the process for fabricating that
semiconductor device structure has been substantially estab-
lished or fixed, and therefore, the time required to develop and
accurate model and the time required to develop the fabrica-
tion process are compounded, thereby increasing the overall
time-to-solution. Additionally, the resulting model often
assumes that one or more design parameters for the semicon-
ductor device structure are fixed (by virtue of the design
process being pre-established), and therefore, is inflexible
and unable to accommodate subsequent changes to those
design parameters.

BRIEF SUMMARY

In one embodiment, a method is provided for fabricating a
semiconductor device structure. The method involves obtain-
ing raw measurement data for a wafer of semiconductor mate-
rial from a metrology tool and adjusting a measurement
model utilized by the metrology tool to convert the raw mea-
surement data to a measurement value for an attribute fabri-
cated on the wafer based at least in part on the raw measure-
ment data and a first value for a design parameter for the
wafer.

In another embodiment, a method of fabricating a semi-
conductor device structure involves fabricating a feature of
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the semiconductor device structure on a first wafer of semi-
conductor material having a first value for a design parameter,
obtaining first raw measurement data for the first wafer from
a metrology tool, the metrology tool utilizing an existing
measurement model to convert the raw measurement data to
a measurement value for the feature, determining an adjusted
measurement model based at least in part on the first raw
measurement data, the first value, second raw measurement
data obtained from the metrology tool for a second wafer, and
a second value, the second wafer having the second value for
the design parameter, and configuring the metrology tool to
utilize the adjusted measurement model when a quality met-
ric indicates the adjusted measurement model is better than
the existing measurement model.

In yet another embodiment, an apparatus for a computer-
readable medium is provided. The computer-readable
medium has computer-executable instructions stored thereon
that are executable by a computing device to obtain raw
measurement data for a wafer of semiconductor material
from a metrology tool, the wafer having a first value for a
design parameter and an attribute of a semiconductor device
structure fabricated thereon, the metrology tool utilizing a
measurement model to convert the raw measurement data to
a measurement value for the attribute, and adjust the mea-
surement model based at least in part on the raw measurement
data and the first value for the design parameter.

BRIEF DESCRIPTION OF THE DRAWINGS

The various embodiments will hereinafter be described in
conjunction with the following drawing figures, wherein like
numerals denote like elements, and wherein:

FIG. 1 is a block diagram of an exemplary measurement
system,

FIG. 2 is a block diagram of an exemplary metrology tool
suitable for use in the measurement system of FIG. 1 in
accordance with one or more embodiments;

FIG. 3 is a flow diagram of an exemplary adaptive model-
ing method suitable for use with the measurement system of
FIG. 1 in an exemplary embodiment; and

FIG. 4 is a flow diagram of an exemplary feature model
optimization method suitable for use in the measurement
system of FIG. 1 in connection with the adaptive modeling
method of FIG. 3 in accordance with one or more embodi-
ments.

DETAILED DESCRIPTION

The following detailed description is merely illustrative in
nature and is not intended to limit the embodiments of the
subject matter or the application and uses of such embodi-
ments. Furthermore, there is no intention to be bound by any
expressed or implied theory presented in the preceding tech-
nical field, background, brief summary or the following
detailed description. For the sake of brevity, conventional
techniques related to semiconductor fabrication, semicon-
ductor metrology tools and/or methods, measurement model
generation, goodness of fit analysis, and other functional
aspects of the systems (and the individual operating compo-
nents of the systems) are not described in detail herein.

Embodiments of the subject matter described herein relate
to methods and systems for fabricating semiconductor device
structures that involve dynamically adjusting the measure-
ment model used to convert raw measurement data obtained
from a wafer by a metrology tool determine a measurement
value for a particular attribute of a semiconductor device
structure fabricated on the wafer. The measurement model
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includes a formula or function for calculating the measure-
ment value as a function of the raw measurement data
obtained by the metrology tool from a respective wafer and
values or criteria for one or more design parameters that
quantify or otherwise describe the fabrication processes that
the wafer was exposed or otherwise subjected to during fab-
rication of the semiconductor device structure on the wafer. In
this regard, the measurement model estimates the relationship
or correlation between the obtained raw measurement data,
the design parameter values, and the actually fabricated
dimensions of the attribute being measured. Depending on
the embodiment, an attribute being measured may be a physi-
cal feature, structure or dimension, an absence of a physical
feature or structure (e.g., a recess, void or the like), or an
intrinsic property (e.g., ion concentration, index of refraction,
bulk modulus, electron mobility, or other compositional and/
or optical properties). That said, for clarity and ease of expla-
nation, the subject matter may be described herein in the
context of measuring physical features and/or dimensions of
semiconductor device structures. However, it should be
understood that the subject matter is not limited to physical
features and/or dimensions and may be utilized to obtain
measurement models for intrinsic properties or other
attributes of a semiconductor device structure and/or wafer.
After an initial measurement model that estimates the rela-
tionship or correlation between the obtained raw measure-
ment data, the design parameter values, and the actual fabri-
cated dimensions of the attribute being measured
(alternatively referred to herein as the feature of interest), the
measurement model is dynamically adjusted using raw mea-
surement data obtained by the metrology tool from additional
wafers to improve one or more quality metrics indicating the
goodness of fit for the measurement model. For example, an
additional wafer may be provided to one or more processing
tools for processing in accordance with a set of design param-
eter values to fabricate, on the wafer, a semiconductor device
structure including the feature of interest. Thereafter, that
wafer is provided to the metrology tool being modeled,
which, in turn, obtains raw measurement data from the wafer.
Using the raw measurement data and the design parameter
values for the current wafer, an adjusted measurement model
may be determined that takes into account the raw measure-
ment data and the design parameter values for the current
wafer. For example, the range of allowable values for a par-
ticular design parameter in the measurement model may be
modified or otherwise adjusted to encompass the value for
that design parameter that is associated with the current
wafer, and thereafter, a new measurement model formula or
function may be determined that estimates the relationship or
correlation between the obtained raw measurement data and
the design parameter value for the current wafer to the actual
fabricated dimensions of the feature of interest on the current
wafer. When the quality metric(s) associated with the new
measurement model formula indicate the goodness of fit is
improved relative to the pre-existing measurement model
formula, the metrology tool is updated to implement the new
measurement model formula to convert subsequently
obtained raw measurement data to corresponding measure-
ment values for the feature of interest. Thereafter, one or more
additional wafers including the feature of interest fabricated
thereon in accordance with particular design parameter val-
ues may be provided to the metrology tool to obtain raw
measurement data from the wafer, wherein the raw measure-
ment data and design parameter values for the respective
additional wafer may be utilized to further adjust and improve
the measurement model (e.g., by further adjusting the range
of allowable values for a particular design parameter in the
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measurement model, adding or removing a particular design
parameter to/from the measurement model formula, or the
like). Thus, the measurement model may be iteratively and/or
dynamically adjusted to achieve improved goodness of fit.

Referring now to FIG. 1, in an exemplary embodiment, a
measurement system 100 includes a metrology tool 102 com-
municatively coupled to a computing device 104 over a com-
munications network 106, such as a computer network (e.g.,
a wide area network, a wireless local area network, or the
like), a cellular network, an ad-hoc or peer-to-peer network,
or the like. As described in greater detail below in the context
of FIG. 2, the metrology tool 102 includes hardware capable
of measuring physical features, dimensions and/or other
attributes of one or more semiconductor device structures
fabricated on a substrate (or wafer) 110 of semiconductor
material by one or more preceding processing tools 108. It
should be understood that FIG. 1 is a simplified representa-
tion of the measurement system 100 for purposes of explana-
tion and ease of description, and FIG. 1 is not intended to limit
the subject matter in any way.

After fabrication of one or more physical features or
attributes of the semiconductor device(s) on the wafer 110 by
the preceding processing tool(s) 108, the metrology tool 102
is utilized to measure or otherwise quantify the fabricated
dimensions of one or more physical features or attributes on
the wafer 110 using a measurement technique, such as, for
example, scatterometry, scanning electron microscopy,
atomic force microscopy, interferometry, reflectometry, ellip-
sometry, and the like. To determine measurements for a par-
ticular attribute of a semiconductor device structure, the
metrology tool 102 utilizes a measurement model associated
with that particular attribute to convert raw measurement data
associated with the wafer 110 to a corresponding measure-
ment value representing an estimate of the actual physical
dimension of that attribute. In this regard, the measurement
model includes a formula that defines the measurement value
for a particular physical feature, dimension or other attribute
on a wafer 110 as a function of the raw measurement data
obtained for that wafer 110 and the values of one or more
design parameters for the wafer 110.

In exemplary embodiments, the metrology tool 102 com-
municates with the computing device 104 to transfer or oth-
erwise provide the calculated measurement value(s) for
attribute(s) on the wafer 110 along with the corresponding
raw measurement data that the measurement value is based
on. The computing device 104 is coupled to a data storage
element 114 that stores or otherwise maintains calculated
measurement value(s) and the raw measurement data for a
particular wafer 110 in association with the design param-
eters for that wafer 110. For example, the data storage ele-
ment 114 may include a table that includes a first column
corresponding to a unique identifier for a particular wafer, one
or more columns corresponding to the design parameters for
that wafer, one or more columns corresponding to the raw
measurement data, and one or more columns corresponding
to the calculated measurement value(s) for the attribute(s) on
that wafer. In this regard, each row of the table may corre-
spond to an individual wafer. In practice, the data storage
element 114 may be realized as any suitable short or long term
storage media, including any sort of random access memory
(RAM), read only memory (ROM), flash memory, registers,
hard disks, removable disks, magnetic or optical mass stor-
age, databases, and/or the like or a combination thereof.

As described in greater detail below in the context of FIG.
3-4, using the raw measurement data and the design param-
eters for the most recently measured wafer 110 along with the
stored raw measurement data and stored design parameters
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for one or more previously measured wafers, the computing
device 104 calculates or otherwise determines one or more
quality metrics for the measurement model 112 currently
being utilized by the metrology tool 102. The quality metric
can be any value or metric that characterizes or otherwise
quantifies the agreement or correlation between the stored
raw measurement data and the measurement values deter-
mined using the measurement model 112. For example, the
quality metric may be realized as a chi-square value or
another correlation metric indicating the relative goodness of
fit of the measurement model 112. When the calculated value
(s) for the quality metric(s) indicate the measurement model
112 could or should be improved, the computing device 104
determines an adjusted measurement model formula using
the raw measurement data and the design parameter values
for the most recently measured wafer 110 along with stored
raw measurement data and stored design parameter values for
previously measured wafers. Thereafter, the computing
device 104 calculates or otherwise determines one or more
quality metrics for the adjusted measurement model, and
when the quality metric(s) for the adjusted measurement
model indicate that it is better than the measurement model
112 currently being utilized by the metrology tool 102, the
computing device 104 updates or otherwise configures the
metrology tool 102 to utilize or otherwise implement the
adjusted measurement model formula as the measurement
model 112 in lieu of the previous measurement model for-
mula. In this manner, the computing device 104 dynamically
and/or iteratively adjusts the measurement model 112 utilized
by the metrology tool 102 based at least in part on the raw
measurement data and the design parameters for the most
recently measured wafer 110. Additionally, when develop-
ment cycle for the measurement model 112 has been com-
pleted or when the adjusted measurement model is suffi-
ciently stable (e.g., differences relative to the previous
measurement model are substantially small) and/or the qual-
ity metric(s) indicate the adjusted measurement model has
achieved a desired level of accuracy and/or reliability (e.g., by
exceeding threshold value(s) for those quality metric(s)), the
computing device 104 uploads or otherwise stores the final
adjusted measurement model formula in a design library 116
as a validated measurement model associated with that par-
ticular feature or attribute for the type of metrology technique
(e.g., scatterometry) associated with the metrology tool 102.
In this regard, the design library 116 represents a data storage
element coupled to the network 106 that may be accessed by
additional metrology tools and/or computing devices to
obtain measurement models associated with that particular
features or attributes of interest being measured by a particu-
lar type of metrology tool.

Still referring to FIG. 1, in an exemplary embodiment, the
computing device 104 includes, without limitation, a com-
munications arrangement 122, a display device 124, a pro-
cessing module 126, and a data storage element (or memory)
128. The communications arrangement 122 generally repre-
sents the hardware, software, firmware and/or a combination
thereof which is coupled to the processing module 126 and
cooperatively configured to support communications
between the computing device 104 and the metrology tool
102 via the network 106. The display device 124 is realized as
an electronic display (e.g., a liquid crystal display (LCD), a
light emitting diode (LED) display, or the like) configured to
graphically display information and/or content under control
of the processing module 126. The processing module 126
generally represents the hardware, firmware, processing
logic, and/or other components of the computing device 104
configured to support operation of the computing device 104
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and execute various functions and/or processing tasks as
described in greater detail below. Depending on the embodi-
ment, the processing module 126 may be implemented or
realized with a general purpose processor, a microprocessor,
a controller, a microcontroller, a state machine, a content
addressable memory, an application specific integrated cir-
cuit, a field programmable gate array, any suitable program-
mable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof, designed
to perform the functions described herein. Furthermore, a
method or algorithm described in connection with the
embodiments disclosed herein may be embodied directly in
hardware, in firmware, in a software module executed by the
processing module 126, or in any practical combination
thereof. The memory 128 generally represents any non-tran-
sitory short or long term storage media capable of storing
programming instructions for execution by the processing
module 126, including any sort of random access memory
(RAM), read only memory (ROM), flash memory, registers,
hard disks, removable disks, magnetic or optical mass stor-
age, and/or the like. The programming instructions, when
read and executed by the processing module 126, cause the
processing module 126 to perform certain tasks, operations,
functions, and processes described in more detail below.

FIG. 2 depicts an exemplary embodiment of a metrology
tool 200 suitable for use as a metrology tool 102 in the
measurement system 100 of FIG. 1. The illustrated metrology
tool 200 includes, without limitation, a communications
arrangement 202, a measurement arrangement 204, a pro-
cessing module 206, and a data storage element (or memory)
208. It should be understood that FIG. 2 is a simplified rep-
resentation of the metrology tool 200 for purposes of expla-
nation and ease of description, and FIG. 2 is not intended to
limit the subject matter in any way.

In the illustrated embodiment, the communications
arrangement 202 generally represents the hardware, soft-
ware, firmware and/or combination thereof which are
coupled to the processing module 206 and cooperatively con-
figured to support communications to/from the metrology
tool 200 via a network (e.g., network 106) in a conventional
manner. The measurement arrangement 204 generally repre-
sents the combination of radiation sources, illumination
devices, electron guns, sensors, detectors, optics, and/or other
hardware components of the metrology tool 200 which are
utilized to measure physical features, dimensions and/or
other attributes of semiconductor devices on a wafer. In
accordance with one or more embodiments, the measurement
arrangement 204 is capable of transmitting, emitting, or oth-
erwise directing a reference signal towards a wafer and sens-
ing, receiving, or otherwise measuring a response signal from
the wafer. In this regard, the physical features, dimensions
and/or other attributes of the wafer modulate or otherwise
influence characteristics of the reference signal resulting in
the response signal that is sensed or otherwise received by the
measurement arrangement 204. Thus, the response signal
corresponds to raw feature measurement data that is indica-
tive of the dimensions of the various physical features, dimen-
sions and/or other attributes on the wafer 110, which can be
determined based on characteristics of the response signal
(e.g., the spectral characteristics, waveforms, or the like) or
the relationship between the response signal and the reference
signal.

The processing module 206 generally represents the hard-
ware, firmware, processing logic, and/or other components of
the metrology tool 200 configured to control or otherwise
operate the measurement arrangement 204 to measure physi-
cal features and/or dimensions on a wafer, communicate fea-
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ture measurements to/from the metrology tool 200, store
feature measurements in the memory 208, and execute vari-
ous functions and/or processing tasks as described in greater
detail below. Depending on the embodiment, the processing
module 206 may be implemented or realized with a general
purpose processor, a microprocessor, a controller, a micro-
controller, a state machine, a content addressable memory, an
application specific integrated circuit, a field programmable
gate array, any suitable programmable logic device, discrete
gate or transistor logic, discrete hardware components, or any
combination thereof, designed to perform the functions
described herein. Furthermore, the steps of a method or algo-
rithm described in connection with the embodiments dis-
closed herein may be embodied directly in hardware, in firm-
ware, in a software module executed by the processing
module 206, or in any practical combination thereof. The
memory 208 represents any non-transitory short or long term
storage media capable of storing programming instructions
for execution by the processing module 206, which, when
read and executed by the processing module 206, cause the
processing module 206 to perform certain tasks, operations,
functions, and processes described in more detail herein. In
accordance with one or more embodiments, the memory 208
also stores one or more measurement models associated with
a respective feature or attribute for converting the raw mea-
surement data embodied by the response signal received by
the measurement arrangement 204 into corresponding mea-
surement values for those particular features or attributes, as
described in greater detail below.

FIG. 3 depicts an exemplary adaptive modeling method
300 suitable for implementation by a measurement system
100 to dynamically and/or iteratively adjust a measurement
model for a particular physical feature or attribute of a semi-
conductor device structure and provide the developed mea-
surement model to a design library. The various tasks per-
formed in connection with the adaptive modeling method 300
may be performed by software, hardware, firmware, or any
combination thereof. For illustrative purposes, the following
description refers to elements mentioned above in connection
with FIGS. 1-2. In practice, portions of the adaptive modeling
method 300 may be performed by different elements of the
measurement system 100, such as, for example, the metrol-
ogy tool 102, 200, the computing device 104, the processing
tool(s) 108, the data storage element 114, the design library
116, the processing module 126, the measurement arrange-
ment 204 and/or the processing module 206. It should be
appreciated that the adaptive modeling method 300 may
include any number of additional or alternative tasks, the
tasks need not be performed in the illustrated order and/or the
tasks may be performed concurrently, and/or the adaptive
modeling method 300 may be incorporated into a more com-
prehensive procedure or process having additional function-
ality not described in detail herein. Moreover, one or more of
the tasks shown and described in the context of FIG. 3 could
be omitted from a practical embodiment of the adaptive mod-
eling method 300 as long as the intended overall functionality
remains intact.

Referring to FIG. 3, and with continued reference to FIGS.
1-2, in the illustrated embodiment, the adaptive modeling
method 300 begins by fabricating an initial set of wafers
having the particular feature of interest fabricated thereon and
obtaining reference measurements of the feature of interest
from the wafers of the initial set (tasks 302, 304). In exem-
plary embodiments, the initial set of wafers are realized as
one or more design of experiment (DoE) watfers that exhibit
process excursions or other variations in the design param-
eters for the wafer and/or the feature of interest. In this regard,
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each DoE wafer is processed by the processing tool(s) 108 to
fabricate the feature of interest in accordance with a different
set of design parameters relative to the other DoE wafers.
Thus, the resulting shape, size and/or other characteristics of
the feature of interest on a respective DoE wafer may be
different from the feature of interest on the other DoE wafers
so that the raw measurement data obtained from a respective
DoE wafer may be different from the raw measurement data
obtained from the other DoE wafers. In exemplary embodi-
ments, the computing device 104 may store or otherwise
maintain (e.g., in the data storage element 114) a unique
identifier associated with a respective DoE wafer (e.g., the
watfer ID) in association with the design parameters utilized to
configure the processing tool(s) 108 for processing that
respective wafer. In some embodiments, the design param-
eters may be provided to the computing device 104 by a user
(e.g., a process engineer or the like) responsible for config-
uring the processing tool(s) 108 for the respective DoE
wafers. The reference measurements for the feature of inter-
est on the DoE wafers are obtained using a validated metrol-
ogy tool such that the reference measurements substantially
reflect the actual dimension of the feature of interest. For
example, the reference measurements may be obtained using
a critical dimension scanning electron microscope (CD-
SEM), transmission electron microscope (TEM), or a
destructive metrology technique. In this regard, it will be
appreciated that if a destructive metrology technique is uti-
lized to obtain the reference measurements, raw measurement
data is obtained from the respective DoE wafers (e.g., task
306) prior to performing the destructive measurements. In
exemplary embodiments, the computing device 104 also
stores or otherwise maintains (e.g., in the data storage ele-
ment 114) the reference measurement of the feature of inter-
est on a respective DoE wafer in association with the unique
identifier for that respective DoE wafer and the design param-
eters utilized to configure the processing tool(s) 108 for pro-
cessing that respective wafer.

In exemplary embodiments, the adaptive modeling method
300 continues by obtaining raw measurement data from the
wafers of the initial set using the metrology tool being mod-
eled (task 306). To obtain the raw measurement data, each
respective DoE wafer is provided to the metrology tool 102,
which, in turn, transmits, emits, or otherwise directs a refer-
ence signal towards the wafer and senses, receives, or other-
wise measures a response signal that is modulated, deflected,
or otherwise transmitted back from the wafer, as described
above in the context of FIG. 2. The metrology tool 102 com-
municates, transmits, or otherwise provides the raw measure-
ment data embodied in the response signal (e.g., the spectral
characteristics, waveforms, or the like) to the computing
device 104, which, in turn, stores or otherwise maintains the
raw measurement data obtained from a respective DoE wafer
in association with the unique identifier for that respective
DoE water, the design parameters utilized to configure the
processing tool(s) 108 for processing that respective wafer,
and the reference measurements obtained from that respec-
tive wafer. For example, when the metrology tool 102 is a
scatterometry tool, the computing device 104 may store or
otherwise maintain the response spectrum obtained from a
respective DoE wafer in association that wafer in the data
storage element 114.

After obtaining the raw measurement data and the refer-
ence measurements for a feature of interest from an initial set
of wafers, the adaptive modeling method 300 continues by
generating or otherwise determining an initial measurement
model for converting raw measurement data obtained by the
metrology tool being modeled to a corresponding measure-
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ment value for the feature of interest based on the relationship
between the reference measurements and the raw measure-
ment data (task 308). In this regard, the computing device 104
determines a formula or function for converting raw measure-
ment data obtained by the metrology tool 102 to a correspond-
ing measurement value for a dimension or characteristic of
the feature of interest based on the relationship (or correla-
tion) between the reference measurements for the feature of
interest obtained from each respective DoE wafer and the
corresponding raw measurement data obtained from each
respective DoE wafer. Additionally, in some embodiments,
the initial measurement model may account for one or more
design parameters used to process the DoE wafers. In other
words, the initial measurement model is a formula for con-
verting raw measurement data from a subsequently processed
wafer and values for one or more design parameters for that
subsequently processed wafer to a corresponding measure-
ment value for the feature of interest fabricated on that wafer,
wherein the formula is determined based on the relationship
(or correlation) between the raw measurement data obtained
from the DoE wafers, the reference measurements of the
feature of interest on the DoE wafers, and the stored values for
one or more design parameters of the DoE wafers. In this
regard, the initial measurement model formula estimates the
correlation between the stored raw measurement data and
stored design parameter values of a respective DoE wafer to
the reference measurement of the feature of interest on that
respective DoE wafer.

In exemplary embodiments, to generate the initial mea-
surement model the computing device 104 determines con-
stants (e.g., multipliers or divisors) by which the raw mea-
surement data and design parameter values should be
modified by along with the manner in which the raw mea-
surement data and design parameter values should be com-
bined to maximize the correlation (or minimize the aggregate
differences) between the calculated (or converted) measure-
ment values that would be obtained using the stored raw
measurement data and stored design parameter values for the
DoE wafers in the measurement model formula and their
corresponding reference measurements. The design param-
eters included in the initial measurement model may be cho-
sen as the design parameters (or combination thereof) that are
most strongly correlated to the reference measurements. For
example, the computing device 104 may receive an indication
oridentification of which design parameters are most likely to
be correlated with the reference measurements from a process
engineer based on his or her knowledge, experience, and
technical expertise. After the computing device 104 deter-
mines the formula corresponding to the initial measurement
model, the computing device 104 updates or otherwise con-
figures the metrology tool 102 to utilize the initial measure-
ment model formula as its measurement model 112 for con-
verting subsequently obtained raw measurement data to
measurement values for the feature of interest. It should be
noted that although the adaptive modeling method 300 is
described herein in the context of using an initial set of wafers
to generate the initial measurement model, there are numer-
ous different techniques that may be utilized to generate an
initial measurement model, and the subject matter described
herein does not require and is not intended to be limited to
using an initial set of wafers to generate the initial measure-
ment model. For example, the initial measurement model for
feature being fabricated in a technology node (e.g., 28 nm)
may be generated by scaling a measurement model that has
been previously established or validated for that feature when
fabricated using another technology node (e.g., 32 nm).

30

40

45

50

10

Once an initial measurement model for the feature of inter-
est is determined, the adaptive modeling method 300 contin-
ues by fabricating the feature of interest on an additional
wafer, obtaining raw measurement data from that wafer using
the metrology tool being modeled, and obtaining a measure-
ment value for the feature of interest using the measurement
model (tasks 310, 312, 314). In this regard, an additional
watfer 110 is provided to the processing tool(s) 108 that pre-
cede the metrology tool 102 for processing in accordance
with a certain design parameter values, wherein the process-
ing tool(s) 108 process the wafer 110 in accordance with
those design parameter values to fabricate the feature of inter-
est on the wafer 110. In accordance with one or more embodi-
ments, the adaptive modeling method 300 is performed con-
currently to the development of the fabrication process for a
semiconductor device structure including the feature of inter-
est, such that the design parameter values may vary (e.g.
relative to the DoE wafers and/or other preceding wafers) as
the fabrication process is developed. As described above, the
computing device 104 obtains the design parameters values
and stores or otherwise maintains those values for the design
parameters in association with a unique identifier for the
watfer 110 in the data storage element 114.

After processing by the processing tool(s) 108, the wafer
110 is provided to the metrology tool 102, which directs a
reference signal towards the wafer 110 and receives a
response signal embodying the raw measurement data for the
wafer 110, as described above in the context of FIG. 2. In
exemplary embodiments, the metrology tool 102 utilizes its
measurement model 112 to convert the raw measurement data
to a measurement value for the feature of interest as a function
of the raw measurement data and one or more of the design
parameter values for the wafer 110. As described above, the
computing device 104 obtains, from the metrology tool 102,
the raw measurement data for the wafer 110 along with the
corresponding measurement value for the feature of interest
that was calculated by the metrology tool 102.

In exemplary embodiments, the adaptive modeling method
300 continues by generating or otherwise determining an
adjusted measurement model for the feature of interest by
modifying the measurement model based at least in part on
the raw measurement data for the most recently measured
wafer in a manner that results in an improvement to one or
more quality metrics of the measurement model (task 318). In
this regard, as described in greater detail below in the context
of FIG. 4, the computing device 104 may perform a feature
model optimization method 400 to determine an adjusted
measurement model as a function of raw measurement data
that includes or otherwise incorporates additional and/or
fewer design parameters than the previous measurement
model or accommodates a different range of values for a
respective design parameter of the previous measurement
model. For example, when the computing device 104 deter-
mines that a quality metric for the measurement model 112
currently being utilized by the metrology tool 102 falls below
a threshold value when the raw measurement data and design
parameter values for the most recently measured wafer 110
are included, the computing device 104 utilizes the raw mea-
surement data and one or more design parameter values for
the most recently measured wafer 110 in along with one or
more instances of stored raw measurement data and associ-
ated stored design parameter values. In this regard, the com-
puting device 104 may obtain, from the data storage element
114, stored raw measurement data and stored design param-
eter values for a subset of the DoE wafers that have a value for
aparticular design parameter that is within a particular range
of the value for that design parameter of the most recently
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measured wafer 110. For example, if the design parameter of
the most recently measured wafer 110 is a deposition tem-
perature, the computing device 104 may obtain stored raw
measurement data and stored design parameter values for a
subset of the DoE wafers that had a deposition temperature
within plus or minus ten percent of the deposition tempera-
ture associated with the processing of the most recently mea-
sured wafer 110. Using the obtained subset of stored raw
measurement data and design parameters along with the raw
measurement data and design parameters for the most
recently measured wafer 110, the computing device 104
determines a new measurement model formula for the feature
of interest having an improved value for a particular quality
metric as a function of the raw measurement data and one or
more design parameters. As described above, to generate the
adjusted measurement model, the computing device 104 may
modify the constants (e.g., multipliers or divisors) by which
the deposition temperature is modified and/or the manner in
which the deposition temperature is combined with the raw
measurement data and/or other design parameter values to
maximize the correlation (or minimize the aggregate differ-
ences) between the calculated (or converted) measurement
values that would be obtained using the stored raw measure-
ment data and stored design parameter values for the DoE
wafers having deposition temperatures within the identified
range of deposition temperatures and their corresponding
reference measurements. Thereafter, the computing device
104 updates or otherwise configures the metrology tool 102 to
utilize the new measurement model formula as its measure-
ment model 112 for converting subsequently obtained raw
measurement data to measurement values for the feature of
interest.

Still referring to FIG. 3, in exemplary embodiments, the
adaptive modeling method 300 determines whether the
model development cycle is complete (task 320). In some
embodiments, the computing device 104 may determine the
model development cycle is complete when the value(s) for
one or more quality metrics associated with the adjusted
measurement model exceeds threshold value(s) for those
quality metric(s). In an alternative embodiment, the comput-
ing device 104 may determine the model development cycle
is complete when the process development cycle for the pro-
cessing being performed by the processing tool(s) 108 to
fabricate the feature of interest is complete or has otherwise
stabilized (e.g., when one or more design parameter values
remain substantially constant for successive wafers 110). In
another alternative embodiment, the computing device 104
may determine the model development cycle is complete
when the difference between a value for a quality metric
associated with the adjusted measurement model and a value
for that quality metric associated with the previous measure-
ment model is less than a threshold value indicating that
subsequent iterations are unlikely to further improve the mea-
surement model by more than a substantially negligible
amount.

When the measurement model development cycle is not
complete, the adaptive modeling method 300 repeats the loop
defined by tasks 310, 312, 314, 316, 318 and 320 to dynami-
cally and/or iteratively adjust the feature measurement model
until the model development cycle is complete and/or a
desired level of accuracy and/or reliability is achieved for
measuring the feature of interest with the particular metrol-
ogy tool being modeled. In this regard, once the metrology
tool 102 is updated to implement the adjusted measurement
model 112, the adaptive modeling method 300 repeats fabri-
cating the feature of interest on an additional wafer 110 by
preceding processing tool(s) 108, obtaining raw measure-
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ment data from that wafer 110 using the metrology tool 102,
obtaining a measurement value for the feature of interest
using the adjusted measurement model 112, and modifying
the adjusted measurement model 112 (e.g., by modifying the
constants in the formula, adding/removing design parameters
from the formula, changing the manner in which design
parameters and raw measurement data are combined, and the
like) based at least in part on the raw measurement data for the
most recently measured wafer 110 in a manner that results in
further improvement to one or more quality metrics of the
measurement model (task 318). In this regard, the new
adjusted measurement model may be determined based on
the raw measurement data and design parameter values for
the current (or most recently measured) instance of wafer 110
and the stored raw measurement data and design parameter
values for the preceding (or previously measured) instance(s)
of wafer 110, which may also include the stored raw mea-
surement data and associated stored design parameter values
for one or more of the DoE wafers. In this regard, particular
combination of raw measurement data and design parameter
values used by the computing device 104 to generate the
measurement model may vary dynamically to achieve an
improvement in one or more quality metrics. Additionally, the
raw measurement values and design parameter values for a
particular wafer may be weighted differently than the raw
measurement values and design parameter values for another
wafer when determining the adjusted measurement model.
For example, the raw measurement values and design param-
eter values for the current (or most recently measured) wafer
110 may be given the greatest weight or influence and the
stored raw measurement values and design parameter values
for the DoE wafers given the least weight or influence, with
previously measured wafers 110 weighted between the cur-
rent (or most recently measured) wafer 110 and the DoE
wafers. In some embodiments, the weighting applied to
wafers that are known to be outliers or otherwise exhibit
unlikely process excursions, such as the DoE wafers, may be
reduced relative to the weightings applied to the other wafers
(e.g., by reducing the weighting applied to the outlier wafers
by at least a factor of 10) to minimize the influence of those
wafers on the adjusted measurement model.

After determining or otherwise identifying that the model
development is complete, the adaptive modeling method 300
continues by providing the final adjusted measurement model
for the feature of interest to a design library for use in obtain-
ing measurements of that feature of interest using the type of
metrology tool being modeled (task 320). For example, when
the metrology tool 102 is a scatterometry tool, the computing
device 104 may store, upload, transmit, or otherwise commu-
nicate the final adjusted measurement model to the design
library 116 for use by other scatterometry tools when mea-
suring that feature of interest fabricated in accordance with
the design parameter values that fall within the range of
design parameter values accommodated by the final adjusted
measurement model.

FIG. 4 depicts an exemplary feature model optimization
method 400 suitable for use in dynamically adjusting a mea-
surement model for a particular physical feature or attribute
of a semiconductor device structure. The various tasks per-
formed in connection with the feature model optimization
method 400 may be performed by software, hardware, firm-
ware, or any combination thereof. For illustrative purposes,
the following description refers to elements mentioned above
in connection with FIGS. 1-2. In practice, portions of the
feature model optimization method 400 may be performed by
different elements of the measurement system 100, such as,
for example, the computing device 104, the data storage ele-
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ment 114 and/or the processing module 126. It should be
appreciated that the feature model optimization method 400
may include any number of additional or alternative tasks, the
tasks need not be performed in the illustrated order and/or the
tasks may be performed concurrently, and/or the feature
model optimization method 400 may be incorporated into a
more comprehensive procedure or process having additional
functionality not described in detail herein. Moreover, one or
more of the tasks shown and described in the context of FIG.
4 could be omitted from a practical embodiment of the feature
model optimization method 400 as long as the intended over-
all functionality remains intact.

In exemplary embodiments, the feature model optimiza-
tion method 400 begins by calculating or otherwise determin-
ing a value for a quality metric associated with the existing
measurement model for the feature of interest based at leastin
part on the raw measurement data and/or design parameters
for the most recently measured wafer and determining
whether the quality metric is less than a threshold value (task
402, 404). In this regard, the computing device 104 may
calculate or otherwise determine a value for a quality metric
indicating the goodness of fit for the existing measurement
model, such as the result of a chi-squared test, using the
calculated measurement value for the feature of interest on
the wafer 110 that was determined based on the raw measure-
ment data and design parameter values for the wafer 110 and
additional measurement values for the feature of interest from
one or more previous wafers. For example, the additional
measurement values for the feature of interest may be stored
in the data storage element 114 in association with their
corresponding wafer or the measurement values may be cal-
culated using the stored raw measurement data and design
parameters in the data storage element 114 for a respective
wafer. The threshold value may be chosen to represent a
desired level of accuracy and/or reliability for the measure-
ment model, such that when the calculated value for the
quality metric exceeds the threshold value, the feature model
optimization method 400 may exit without adjusting or oth-
erwise modifying the measurement model. In accordance
with one or more embodiments, the threshold value may be
chosen to be equal to the calculated value for the quality
metric from a preceding iteration of the feature model opti-
mization method 400, such that the measurement model is
adjusted or otherwise modified whenever the quality metric
decreases as new data points are added.

When the quality metric for the existing measurement
model is less than the threshold value, the illustrated feature
model optimization method 400 continues by identifying at
least one design parameter for the measurement model to be
modified (task 406). In this regard, the computing device 104
may identify or otherwise determine a design parameter to
add to or remove from the measurement model as a variable in
the measurement model formula, or identify or otherwise
determine a different range of allowable values for a particu-
lar design parameter in the measurement model function. The
computing device 104 may analyze the design parameter
values for the current (or most recently measured) wafer 110
to identify a design parameter that deviates from values of the
preceding wafers by a particular amount that indicates that
design parameter is likely influencing the quality metric asso-
ciated with the measurement model. For example, if the mea-
sured amount of top rounding of a feature on the current wafer
110 is more than twenty percent greater than the average
amount of top rounding for the preceding and/or DoE wafers,
the computing device 104 may identify that the top rounding
measurement should be added to the measurement model
function for determining the width of the feature.
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After identifying a design parameter to be modified in the
measurement model function, the feature model optimization
method 400 continues by generating or otherwise determin-
ing a new measurement model based on the raw measurement
data obtained from the current wafer and stored raw measure-
ment data associated with wafers having a value for that
design parameter within the range of allowed values for that
design parameter (task 408). For example, if the computing
device 104 determines that the top rounding measurement
should be included in the measurement model function, the
computing device 104 may obtain, from the data storage
element 114, the stored raw measurement data obtained from
each wafer having a stored value for the top rounding mea-
surement. Thereafter, based at least in part on the raw mea-
surement data for the current wafer 110 and the stored raw
measurement data for previous wafers having stored top
rounding measurements, the computing device 104 deter-
mines a new measurement model formula for the width of the
feature that accounts for the top rounding in a similar manner
as described above (e.g., by determining a new/difterent func-
tion (or combination) of raw measurement data and design
parameter values with different constants or multipliers that
maximizes the correlation between reference measurements
and calculated measurements). As described above in the
context of FIG. 3, in some embodiments, the most recently
obtained raw measurement data and/or the design parameter
values for the current wafer 110 may be weighted more
heavily than the stored raw measurement data and/or stored
design parameter values, or vice versa.

In exemplary embodiments, the feature model optimiza-
tion method 400 continues by calculating or otherwise deter-
mining a value for a quality metric associated with the new
feature measurement model, determining whether the new
feature measurement model is better than the pre-existing
feature measurement model based on the quality metric, and
updating the feature measurement model utilized by the
metrology tool being modeled (tasks 410, 412, 414). To deter-
mine the value for the quality metric for the new feature
measurement model, the computing device 104 may calculate
measurement values for one or more previous wafers that
have both design parameter values within the range associ-
ated with the new feature measurement model and known
reference feature measurements associated therewith. There-
after, the computing device 104 may determine the quality
metric based on the differences between the calculated mea-
surement values for the feature and the corresponding stored
reference measurements for the feature. If the quality metric
determined for the new feature measurement model does not
indicate the new feature measurement model is better than the
previous feature measurement model, the feature model opti-
mization method 400 may exit or otherwise terminate without
modifying the measurement model 112 of the metrology tool
102. Conversely, when the quality metric determined for the
new feature measurement model indicates the new feature
measurement model is better than the previous feature mea-
surement model, the computing device 104 updates or other-
wise configures the measurement model 112 of the metrology
tool 102 to utilize the newly determined measurement model
function for calculating feature measurements for subsequent
wafers.

As described above in the context of FIG. 3, the feature
model optimization method 400 may be performed during
each iteration of the adaptive modeling method 300 to
dynamically adjust the measurement model 112 utilized by
the metrology tool 102 based at least in part on the raw
measurement data and the design parameter values for the
wafer 110 most recently measured by the metrology tool 102
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to achieve a desired level of accuracy and/or reliability for the
feature measurements calculated by using the feature mea-
surement model. Accordingly, the measurement model for a
particular feature of interest may be determined concurrently
to the development of the fabrication process for that feature
of interest by dynamically adjusting the measurement model
to reflect changes in the design parameters of the fabrication
process. As a result, the overall time-to-solution may be
reduced.

While at least one exemplary embodiment has been pre-
sented in the foregoing detailed description, it should be
appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or
embodiments described herein are not intended to limit the
scope, applicability, or configuration of the claimed subject
matter in any way. Rather, the foregoing detailed description
will provide those skilled in the art with a convenient road
map for implementing the described embodiment or embodi-
ments. It should be understood that various changes can be
made in the function and arrangement of elements without
departing from the scope defined by the claims, which
includes known equivalents and foreseeable equivalents at
the time of filing this patent application. Accordingly, details
of the exemplary embodiments or other limitations described
above should not be read into the claims absent a clear inten-
tion to the contrary.

What is claimed is:

1. A method of fabricating a semiconductor device struc-
ture, the method comprising:

obtaining raw measurement data for a wafer of semicon-

ductor material from a metrology tool, the wafer having
afirst value for a design parameter and an attribute of the
semiconductor device structure fabricated thereon, the
metrology tool utilizing a measurement model to con-
vert the raw measurement data to a measurement value
for the attribute; and

adjusting the measurement model based at least in part on

the raw measurement data and the first value for the
design parameter, wherein the method further comprises
determining a second value for a quality metric associ-
ated with the measurement model based at least in part
on the measurement value, and wherein adjusting the
measurement model comprises adjusting the measure-
ment model in response to determining the second value
for the quality metric is less than a threshold value.

2. The method of claim 1, wherein adjusting the measure-
ment model comprises configuring the metrology tool to uti-
lize the adjusted measurement model determined based at
least in part on the raw measurement data and the first value
for the design parameter.

3. The method of claim 1, further comprising obtaining
stored raw measurement data for a plurality of wafers of
semiconductor material, each wafer of the plurality having a
respective stored value for the design parameter and the
attribute of the semiconductor device structure fabricated
thereon, wherein adjusting the measurement model com-
prises adjusting the measurement model based at least in part
on the raw measurement data, the first value for the design
parameter, the stored raw measurement data, and the respec-
tive stored values for the design parameter.

4. The method of claim 3, further comprising determining
the measurement model based on relationships between the
stored raw measurement data for a respective wafer of the
plurality of wafers and the respective stored value for the
design parameter associated with the respective wafer,
wherein adjusting the measurement model comprises deter-
mining a new measurement model based at least in part on a
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relationship between the raw measurement data and the first
value for the design parameter associated with wafer.
5. The method of claim 1, the measurement model com-
prising a formula for determining a respective measurement
value for the attribute as a function of raw measurement data
obtained from the metrology tool for a respective wafer and
the design parameter for the respective wafer, wherein adjust-
ing the measurement model comprises adjusting a range for
the design parameter in the formula to include the first value.
6. The method of claim 5, wherein adjusting the range for
the design parameter in the formula further comprises:
obtaining stored raw measurement data for a plurality of
wafers of semiconductor material, each wafer of the
plurality having a respective stored value for the design
parameter within the range and the attribute of the semi-
conductor device structure fabricated thereon;

determining a new formula for determining the respective
measurement value for the attribute as a function of raw
measurement data obtained from the metrology tool and
the design parameter based at least in part on the stored
raw measurement data and the stored values for the
design parameter.

7. The method of claim 1, the measurement model com-
prising a formula for determining a respective measurement
value for the attribute as a function of raw measurement data
obtained from the metrology tool for a respective wafer,
wherein adjusting the measurement model comprises deter-
mining a new formula for determining the respective mea-
surement value for the attribute as a function of raw measure-
ment data obtained from the metrology tool and the design
parameter.

8. The method of claim 7, further comprising obtaining
stored raw measurement data for a plurality of wafers of
semiconductor material, each wafer of the plurality having a
respective stored value for the design parameter and the
attribute of the semiconductor device structure fabricated
thereon, wherein determining the new formula comprises
determining the new formula based at least in part on the raw
measurement data for the wafer, the first value for the design
parameter, the stored raw measurement data for the plurality
of wafers, and the stored values for the design parameter.

9. A method of fabricating a semiconductor device struc-
ture, the method comprising:

fabricating a feature of the semiconductor device structure

on a first wafer of semiconductor material having a first
value for a design parameter;

obtaining first raw measurement data for the first wafer

from a metrology tool, the metrology tool utilizing an
existing measurement model;

determining an adjusted measurement model based at least

in part on the first raw measurement data, the first value,
second raw measurement data obtained from the metrol-
ogy tool for a second wafer, and a second value, the
second wafer having the second value for the design
parameter;

configuring the metrology tool to utilize the adjusted mea-

surement model when a quality metric indicates the
adjusted measurement model is better than the existing
measurement model.

10. The method of claim 9, further comprising:

determining a third value for the quality metric for the

existing measurement model based at least in part on the
first raw measurement data and the first value; and
determining a fourth value for the quality metric for the
adjusted measurement model, wherein the configuring
comprises configuring the metrology tool to utilize the
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adjusted measurement model when the fourth value is
greater than the third value.

11. The method of claim 9, further comprising:

storing the second raw measurement data and the second

value for the design parameter in association with the
second wafer in a data storage element; and

obtaining the second raw measurement data and the second

value from the data storage element prior to determining
the adjusted measurement model.

12. The method of claim 9, wherein determining the
adjusted measurement model comprises weighting the first
raw measurement data and the first value relative to the sec-
ond raw measurement data and the second value.

13. The method of claim 9, the existing measurement
model including a formula having a plurality of constants for
modifying measurement data from the metrology tool or the
design parameter, wherein determining the adjusted measure-
ment model comprises modifying one or more constants of
the plurality.

14. A computer-readable medium having computer-ex-
ecutable instructions stored thereon executable by a comput-
ing device to:

obtain raw measurement data for a wafer of semiconductor

material from a metrology tool, the wafer having a first
value for a design parameter and an attribute of a semi-
conductor device structure fabricated thereon, the
metrology tool utilizing a measurement model to con-
vert the raw measurement data to a measurement value
for the attribute; and

adjust the measurement model based at least in part on the

raw measurement data and the first value for the design
parameter, wherein the computer-executable instruc-
tions stored thereon are executable by the computing
device to determine a second value for a quality metric
associated with the measurement model based at least in
part on the measurement value, wherein the measure-
ment model is adjusted in response to determining the
second value for the quality metric is less than a thresh-
old value.
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15. The computer-readable medium of claim 14, wherein
the computer-executable instructions stored thereon are
executable by the computing device to configure the metrol-
ogy tool to utilize the adjusted measurement model deter-
mined based at least in part on the raw measurement data and
the first value for the design parameter.

16. The computer-readable medium of claim 14, wherein
the computer-executable instructions stored thereon are
executable by the computing device to obtain stored raw
measurement data for a plurality of wafers of semiconductor
material from a data storage element coupled to the comput-
ing device, each wafer of the plurality having a respective
stored value for the design parameter and the attribute of the
semiconductor device structure fabricated thereon, wherein
the measurement model is adjusted based at least in part on
the raw measurement data, the first value for the design
parameter, the stored raw measurement data, and the respec-
tive stored values for the design parameter.

17. The computer-readable medium of claim 14, wherein:

the measurement model comprises a formula for determin-

ing a respective measurement value for the attribute as a
function of raw measurement data obtained from the
metrology tool for a respective wafer and the design
parameter for the respective wafer; and

the computer-executable instructions stored thereon are

executable by the computing device to adjust the mea-
surement model by adjusting a range for the design
parameter in the formula to include the first value.

18. The computer-readable medium of claim 14, wherein:

the measurement model comprises a formula for determin-

ing a respective measurement value for the attribute as a
function of raw measurement data obtained from the
metrology tool for a respective wafer; and

the computer-executable instructions stored thereon are

executable by the computing device to adjust the mea-
surement model by determining a new formula for deter-
mining the respective measurement value for the
attribute as a function of raw measurement data obtained
from the metrology tool and the design parameter.
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